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ABSTRACT 

Crater data have been examined from recent bypervelocity impact and chemical 

explosion experiments conducted in accelerating frames. Data have been identified 

from experiments for which the conditions of similitude have been very nearly 

achieved. Examination of these data from similar experiments indicates that 

fourth-root or gravity scaling is the rule which best relates crater dimensions to 

the energy release of impacting projectiles or explosives. Implications for 

chemical and nuclear explosion cratering are that in model experiments where the 

gravitational field is constant the specific energy and dimensions of the explosive 

must be scaled as the fourth-root of explosion energy release. Additionally, 

medium properties must be appropriately scaled in similar experiments. Because of 

the impracticability of realizing the constraints imposed on model experiments by 

similitude requirements attention in future experiments should be focused on the 

sources of similarity violation and their influence on empirical relationships 

derived from experiments. Experiments in accelerating frames with both explosive 

sources and hypervelocity impact projectiles offer one means for investigating 

effects of similitude violation. To further elucidate the question of crater 

scaling, experiments in accelerating frames may be conducted which most nearly 

achieve the conditions of similitude required. 
* This article sponsored by the U. S. Department of Energy under Contract 

DE-AC04-76-DP00789. 
t A U. S. Department of Energy Facility. 



BTTRODUCTIOCT 

The phenomena relating to craters produced by explosives or by impacting 

bodies are not well understood. In attempts to better understand the mechanisms 

and effects associated with the cratering process small scale experiments are 

conducted. From small scale or model experiments Information i s obtained which 

In principle can be related to large-scale events or prototype experiments such 

as the impact of meteor bodies on planetary surfaces or the energy release 01' 

nuclear explosions. Since the magnitude of energy release associated with nuclear 

explosions and meteors i s often so large, modeling represents the only experimental 

method available fcr study of full scale cratering events. In practice, however, 

implementation of the modeling technique i s difficult and in many cases impossible. 

The means for performing model experiments are Indicated in scaling rules 

derived from dimensional analysis (Chabai, 1977) or similarity analysis (r,chmiat 

and Ilolsapple, 1978). One result of these analyses Is that crater dimensions 

should scale as the cube-root or the fourth-root of the explosior. 'jr impact 

energy depending on whether or not gravity i s considered important to the crater-

ing process. 

The history of scale model experiments presents a confusing picture. Early 

explos---? cratering experiments (Lampson, 191*6; COE, i960) with snail chemical 

explosives (less than 50 kg THT) revealed that cube-root scaling described the 

crater data, i . e . , crater dimensions were proportional to the cube-root of the 

explosive energy release. Experiments in Nevada alluvium with buried T!T charges 

of mass 50 to 10 kg demonstrate unambiguously that D '̂-Mier cube-root nor fourth-

root scaling prevails. Rather, the empirical observation from these experiments 

i s that cjrater dimensions are proportional to , or scale as, the 1/3.4 power of 

TNT energy release (Nordyke, 1962; Chabai, I965). A host of data from surface 

burst explosions In various soi l and rock media (Vortman, 1968, 1977) provide the 

result that crater radius and crater depth each scale differently with explosive 



energy. Furthermore, the crater radius and depth are found to be proportional to 

powers of energy release which, in general, differ significantly from 1/3 or 1/k. 

Experiments with chemical explosives in accelerating frames (Viktorov and 

Stepanov, I960; Johnson et al., 1969; Rodionov, 1970) and in centrifuges (Schmidt, 

197?) have clearly established the influence of gravitational fields on the size of 

craters produced. Hypervelocity impact experiments (Gault and Wedekind, 1977) ih 

accelerating frames have also shown that crater size is affected by the magnitude 

of the gravity field. The effect of atmospheric pressure on explosive crater size 

has been dramatically demonstrated in experiments by Herr (1971) and by Johnson 

et al. (1969). All of these small scale experiments clearly indicate that the 

gravity field is significant in the cratering process. 

The superabundance of crater data collected to date from large scale field 

explosives has not, in fact, resulted in reliable scaling rules. Instead, empiri­

cal relationships among dimensionless variables have been established which are 

largely limited to particular explosives and to specific media (Vortman, 1°68; 

Roriykej 1977). These relaiionsnips may be used with confidence primarily as an 

interpolative ~oc-l in the same medium and with the same explosive. They cannot be 

considered reliable for application to different media, to different explosives 

or in extrapolation to the much larger energy releases from nuclear explosives or 

meteor!tic impacts. 

That reliable scaling rules have not been obtained from attempted model 

experiments may be a consequence of not realizing similitude in the model experi­

ments. Inherent in the empirical relationships obtained is a reflection of those 

violations of the similitude requl-ement. The degree of violation may vary with 

the cratered medium, with the type of explosive, with explosive size, and with 

conditions of the model experiment. The source and degree of violation of simili­

tude is not rcacdly identifiable. Inability to scale medium properties such as 

density, strength, modulus, layering or explosive properties such as specific 



ene-'gy and Chapman-Jouguet pressure lead to absence of similitude in model experi­

ments and, hence, to empirical relationships rather than scaling rules. Rarely in 

actua.". experiments have the conditions imposed by the demands of similitude been 

met. In view of this, we should attempt to better understand the deviations from 

expected scaling laws and to establish new experimental environments where the 

constraints of similitude may more easily be met. 

SCALING RULES AHD SIMILITUDE 

Acknowledging the influence of gravity fields in crater formation, as estab­

lished by small scale laboratory experiments, a dimensional analysis (Chabai, 1977; 

Gault and Wedekind, 1977) ov similarity analysis (Schmidt ana Holsapple, 1978) may 

be made on the variables deemed significant to crater formation by explosive 

charges or by impacting projectiles. Relationships among dimensionless variables 

or p.-terms are obtained. For scaled crater radius the result is 

•vr - M-W* . (7K>- ̂  ( * r * r- -ttH-<» 
Notation is illustrated in Figure 1. Analogous relationships are obtained for crater 

depth and volume. Target material properties, density, sound speed (compress­

ibility) and strength are represented by p, C and Y, respectively. Explosive 

properties are indicated by E, the total energy release, q_, the explosive specific 

energy and a, the charge radius. The explosive charge burial depth, d, is an 

independent variable. Hydrostatic pressure is represented by p and g is the 

acceleration due to gravity. For impacting spherical projectiles E is taken to be 

the kinetic energy, q. the specific kinetic energy and a, the projectile radius. 

It should be noted that the explosive burial depth, d, is not relevant to the 

impact cratering case (Figure 1 ) . Each of the terms of Equation (1) are dimension-

less and are scaltd variables; for example, the scaled radius is Fl = r(pg/E) ' . 



Equation (1) Is equivalently written 

"r " fl(na» "p» 4' 4 ' "a• n{) • ( 2 ) 

f The scaling rules indicated by the il -terms are referred to as gravity scaling or 

fourth-root scaling rules. 

When gravity i s considered to be unimportant to the cratering process, the 

familiar cube-root scaling rules are obtained: 

In "-term notation Equation (3) i s written 

ne = sM, ne, n?, n°, nc \ « 
r 2 \ a,' p J T ' a' a. / s ' 

where superscript c denotes il-terms for cube-root scaling. 

The relative importance of thf various n-te-ms i s not known a pr ior i and the 

functions f and t„ are not given hy dimensional analysis. This information must 

be obtained from experiments or theory. Determination of the importance of the 

various H-terss in tlie cratering process represents a major challenge for future 

cratering experiments. Computer simulations of cratering (e .g. , Bryan, et a l . , 

1978) can also be expected to contribute to increased understanding in this area. 

In a model experiment similitude i s achieved i f a l l the It-arguments of the 

function, f, have values identical to tbose of the prototype experiment. When tMs 

is the case, n will also have identical values for both model and.prototype 

experiments. Only when similitude i s realized in model experiments will the scaled 

quantities be representative of the prototype event. 

When performing model explosive cratering experiments in a constant gravi­

tat ional field and in a target medium of fixed density, Equation (1) requires that 



the target medium properties, C and Y, be changed such that the ratios and 

remain constant so as to maintain the same n and ?l~ values for both model 

and prototype experiments. The hydrostatic pressure, explosive charge radius and 

explosive specific energy must also be scaled as if similitude is to be 

realized. Since most of our experiments on explosive cratering are conducted in 

target media whose properties are generally unalterable, under fixed atmospheric 

pressure conditions and with explosives of a single type whose specific energy is 

constant, the conditions of similitude demanded by Equation (1) cannot be achieved. 

However, when performing model cratering experiments based on Equation (3), 

similitude is readily achieved by conducting experiments in the same medium with the 

same type of explosive. 

Evidence from field experiments indicates that neither fourth-root nor cu'je-

root scaling of crater dimensions is obtained. Laboratory experiments in ?icalerat-

ing frames have demonstrated the significance of gravitational acceleration on 

cratering. It seems reasonable to hypothesize that Equation (1) is the valid de­

scription for conducting model experiments and that field experiments to date con­

ducted in a constant gravitational field are nonsimilar. Observations from these 

nonsimilar experiments provide empirical relationships among dimensionless quantities, 

e.g., the cratering, depth-of-burst curves H = f('tj) (Chabai, 1965; Nordyke, 1977). 

These relationships are not the scaling rules that would be obtained from experi­

ments with similitude. While it is recognized that our usual experiments are not 
f f f f f similar it is not known which of the variables, II , II , IL, n or II , contribute p c 1 a q 

most to violation of similitude and to what degree. Herr's (1971) experiments 
f f 

demonstrate that larger values of H are produced by a decrease in II . It seems 
f f reasonable to assume that an increase in target strength and in modulus (IL. and II ) 

would result in a smaller crater (decrease in II ). It might be expected then, 

that as experiments are conducted with larger explosions, in the same medium and 
f f f in a constant gravitational field, the variables fl , H and II take on a less 



significant role in. violation of similitude. The same observation may be true for 
f f II and H ; i.e., as the scale of the experiment is increased by employment of a 1 

larger explosives, or projectiles with greater mass and velocity, the contribution 

to similarity violation from these sources diminishes and the experiments approach 

more nearly the conditions of similitude desired. Unfortunately, nature does not 

appear to be sufficiently accommodating to provide a target medium whose properties 

are uniform and constant. Consequently, the possibility of evaluating these 

speculations by field experiments seems remote indeed since field experiments in a 

constant gravitational field are .onsimilar and since target media occurring in 

nature are usually insufficiently homogeneous. For these reasons empirical relation­

ships obtained in one medium cannot readily be applied to another target medium. 

Results for one explosive cannot be used with great confidence in cratering experi­

ments with different explosives in the same medium. Also, extrapolation to larger 

explosive energies is uncertain. 

Equation (l) indicates that to maintain similitude among cratering experiments 

in the s.ame medium the product g~2 must be held constant among experiments. When 
* • 

the sizo of the explosive energy release is varied the value of g must be changed 
f 

accordingly. The variable II requires that q remain constant in experiments when 
3 

g E is held fixed, so that the same explosive must be utilized for all experiments. 

For hypervelocity impact experiments in the same target material the similitude 

requirement, g E = conscant, demands that q = (l/2)V or the impact velocity, V, 

remain fixed among experiments. It is seen from TI /IT = q/ag that the product of 

projectile radius, a, and frame acceleration, g, must be invariant among impact 

experiments in the same medium. 

The impracticality of varying target material properties prevents performance 

of cratering experiments with similitude when the gravitational field is constant. 

Explosive or impact cratering experiments in the same target medium must be 

conducted in accelerating frames if similitude is to be realised. For explosive 



cratering the same explosive must be used (Schmidt and Holsapple, 1978) and for 

impact cratering projectiles of varying radius must have the same velocity among 

experiments. The condition on frame acceleration, g, in these experiments is 

determined from ag = constant where a is charge radius or the radius of a spheri­

cally impacting projectile. 

EXAHIKATIOH OF DATA FROM CRAT3ROT0 EXPERIMENTS COKHJCTED IS ACCELERATING FPAMES 

Msarly 100 cratering experiments have been conducted by Gault and Wedekind 
p 

(1977) in gravitational field environments ranging from 0.72 to 9.8 m/s . Aluminum 

spheres of radii 0.795, 1-590 and 3-175 am impacted quartz sand targets at noroal 

incidence with velocities ranging from 0.1+ to 7 kra/s. Crater diameters and crater 

formation times were measured. Results from one set of experiments by Cault and 

Wedekind are shown in Figure 2 for impacting spheres of the same size and kinetic 

energy. The dependence of crater radius on gravitational acceleration is shown 

{g « 9.8 m/s ) . This dependence is r a g ' " in opposition to the 
—0 £50 result provided by dimensional analysis, r a g " . Gault and Wedekind provide 

one plausible explanation for this ̂ deviation which is associated with the small, 

but nevertheless significant, shear strength effects exerted by the quartz sand 

medium during the cratering process. They also suggest the possibility of other 

unidentified factors, in addition to medium shear strength, which may be contrib­

uting to the discrepancy between measured and expected dependence of r on g. 

An alternative explanation for the deviation between the experimental and 

dimensional analysis results may reside in lack of similitude among the experiments 

of the set illustrated in Figure 2. As discussed in the previous section, impact 

experiments in the same target medium require that among those experiments g E be 

constant for achievement of similitude. This condition forces the specific kinetic 

* Uncertainty in value of scaling exponent is given at the 95$ confidence level. 



energy (->r velocity) of impacting projectiles to be constant among all experiments 

and further, that the product of projectile diameter and gravitational acceleration, 

ag, be identical for all experiments. In the experiment set of Figure 2 only the 

condition for constant specific 1tinetic energy is met. In consequence, inability 

to conduct experiments with all similitude constraints satisfied may be the princi­

pal cause of the observed deviation. 

Data from all sets of the Gault-Wedekind experiments have been examined in an 

effort to find multiple experiments for which the conditions of similitude are met. 

Only one pair of experiments was found that had the same scaled projectile radius, 

nearly the same value for g^l and nearly the same value of the product ag. Infor­

mation on, and data from, this pair of experiments (A and B) are listed in Table I. 

The experiment pair, A and B, of Table I closely meets all the requirements of 

similitude. Velocities of the impacting projectiles are nearly identical. Values 

of g E and ag are nearly the same as necessary for similitude. Gravitational 

acceleration levels were significantly different and actual crater radii differed 

by more than a factor of 2. Each experiment represents considerably different 

conditions but maintains the constraints imposed by similitude. Values of the 

scaled crater radii for experiments A and B differ oy less than 7%s which percent­

age is approximately the experimental uncertainty estimated for the actual crater 

radii. The agreement in values of the scalec? radii is within limits of experi­

mental error and could be interpreted as a verification of gravity scaling for 

projectiles impacting quartz sand. However, within the limits of experimental 

error, cube-root scaling is equally appropriate for these two experiments. 

Also shown in Table I are data from explosion experiments conducted at differ­

ent g-levels with a centrifuge (Schmidt and Holsapple, 1978). These experiments 

meet the similitude requirements of gravity scaling. As with the impact experi-

ments values of .ix differ by less than 8$ suggesting validity of gravity scaling. 



Values of n c (or r/eT' ) also differ by leas than 856 suggesting that cube-root 

sealing is correct. The paucity of data strain such interpretations and do not 

permit firm conclusions. The need for additional gravity sealed experiments is 

evident. 

To examine the competing hypothesis that the cube-root rule best describes 

results of model cratering experiments additional data from Gault and Weaekind and 

from Schmidt and Holsapple were examined. Three sets of data were Isolated (Table 

II) which met the similitude conditions of cube-root scaling. Within each set of 

similar experiments, comparisons can be made of the values of (proportional 

to ti 0). For comparable changes tn energy release, E, between model experiment 
c t 

pairs, the percentage differences in ?t are comparable with, those in 0 . However, 

maximum percentage differences in H within each set of similar impact experiments 

are seen to be considerably greater than the uncertainty error associated with 

experiments. Further, for each set of similar experiments one finds that as S 

increases, the cube-root scaled radius, H , systematically decreases rather than 

remains constant. This observation is reminiscent of the cratering data from 

field experiments in alluvial soil of the Nevada Test Site rChabai, 19&5)- There 

it was found that larger energy releases produced smaller cube-root scaled craters 

and that 1/3.^ scaling better described the data than did cube-root scaling. The 

limited amount of data from well-centrolled laboratory model experiments in quartz 

sand- with both hypervelocity projectiles and chemical explosives, appears to con­

firm the trend of results observed from large-scale chemical explosions in Nevada 

alluvium. These results demonstrate that cube-root scaling is inadequate for 

estimation of* crater dimensions produced by prototype explosions using t&odel 

experiment data. 

From Equation (1) and Equation (3) it is seen that, among craterin^ experi­

ments with similitude in a medium whose properties remain constant, crater radius 



is proportional to (E/g) ' for gravity sealing and to for cube-root scaling. 

A plot of crater radius, r, versus effective energy release, g E/g, for each set 

of similar experiments provides information on the scaling exponent of E. Data 

from Tables I and II have been plotted in Figure 3. Least squares fits on the 

data sets determine the line slopes or scaling exponents of E ani their corre­

sponding standard deviations. Results of the least squares fits are summarized 

in Table III. Prom Figure 3 or Table II it is seen that neither a 1/1* value nor 

a 1/3 value for the exponent on effective energy release is demonstrated by the 

data. For the cube-root scaled experiments the exponent is less than 1/3 and for 

the gravity scaled experiments it is greater than 1/4. This result ij similar to 

that obtained from field experiments in Nevada alluvium, even though in Nevada 

experiments conditions of similitude demanded by gravity scaling cannot be realised. 

Laboratory experiments with similitude suggest that cube-root scaling is not 

valid. Data obtained to date from these laboratory experiments also fail to verify 

gravity scaling. However, in these experiments the influence of gravity on crater 

size is unaxbiguous. A reduction in crater radius ay nearly a factor of 3 is 

observed in go.ng from g/g = 1 to 451 (experiments 11-X and 644 of Tables I and 

II) and by more than a factor of 2 in going from g/g = 1 to 3C6 (experiments 13-0 

and 645). This result strongly supports gravity scaling as being more representa­

tive of the cratering process when similitude is achieved. 

That the 1/4 exponent on energy for scaling crater radius has not been veri­

fied by the laboratory experiments may be a consequence of too few experiments or 

a consequence of some unidentified effect, such as strain rate, contributing to 

violation of similitude among experiments. Clearly more gravity scaled experiments 

are required to investigate the question further. 

Conditions for one set of desirable experiments are shown in Figure 4. Illus­

trated in Figure 4 are *hose values of a and g necessary in experiments to obtain 



conditions of similitude with experiment A (a = 1.59 ™ > & = 5.02 m/s ) of Gault 

and Wedeklnd. Vertical grid lines in the figure indicate the frame acceleration 

levels available in the Gault-WedeKInd experimental apparatus. Horizontal grid 

lines represent those pellet radii employed by Gault and Wedeklnd in their experi­

ments. At 9.8 m/s the impacting pellet radius should he O.&Lk urn, slightly greater 

than that (0.795 mm) used in experiment B. For the other acceleration levels, 

7.91, 6.57, 2.65, 1.87, 1.18 and 0.72 m/s , accessible, the pellet radii should be 

1.01, 1.22, 3.02, i.,27, 6.76 and 11.09 mm, respectively, in order to obtain simili­

tude with experiment A. Among these experiments the velocity of impact must be 

constant and equal to that of experiment A (6.6U km/s). The energy range covered 

by such experiments would be more than 3 orders of magnitude. 

Changing the velocity of impact for experiment A provides the ability to 

investigate, another set of experiments having simiJ-* tude and to examine more 

completely the validity of gravity scaling. Systematic investigation by experiments 
3 over a range of values of the similitude constraint parameters, g E and ag, would 

not only provide more extensive data for evaluation of scaling laws but would hope-

fully also identify those parameters which are most significant in realizing the 

conditions necessary for similitude. 

CONCLUDIKO REMARKS 

Recent laboratory experiments on impact and explosive cratering suggest that 

cube-root scaling is not valid, tending to confirm previous findings of large scale 

field experiments. These well-controlled laboratory experiments clearly establish 

the influence of the gravity field on crater size produced; however, the few 

experiments (5) performed with the similitude conditions req.uj.red by gravity scaling 

have not verified g_uarter-root scaling. If gravity scaling is most appropriate for 

describing the cratering process then explosive cratering experiments conducted in 

the field are not similar since the gravitational field is constant and medium 

http://req.uj.red


properties cannot be varied to achieve conditions of similitude. Data from field 

experiments provide empirical relationships among selected quantities such as 

iimensionless crater volume versus dimensionless depth of burial. Within these 

empirical relationships are embedded influences reflecting, in an unknown way, 

violation of similitude. An example of this is the 1/3.h scaling rule derived 

from field experiments in Nevada alluvium. As a result, such empirically establish­

ed cratering relationships cannot be employed with confidence in predicting crater 

dimensions produced in other media, in predicting crater dimensions produced by 

different explosives in the s&me medium and in predicting crater dimensions 

produced oy much larger explosions whose energy release is considerably beyond the 

range of experimental experience-

During the past decade a multitude of field experiments in various media and 

with various explosives have produced still additional empirical relationships for 

relating crater size to explosive energy release. Unfortunately, these experiments 

have not furnished new insights into the basic questions of crater scaling. They 

have not identified the material properties most significant in the cratering 

process nor have they presented sir/ information on conditions relating to violations 

of similitude. However, recent experiments in accelerating frames have offered the 

promise of gaining increased comprehension of the complex cratering process. A one 

gram explosive charge at an acceleration level of 500 times earth gravity can be 

used to simulate the cratering of a 125 ton charge in the earth's gravitational 

field. In accelerating frames cratering experiments may be performed under well-

controlled conditions. Experiments may be conducted both with and without the 

similitude constraints of dimensional analyses satisfied. Systematic investigations 

may be made of the relative importance of medium properties in the cratering process, 

their contribution tc violation of similitude constraints and their influence on 

cratering as a function of charge size. 



Continued laboratory experimentation in impact and explosion craterlng holds 

the potential, not available in field experiments, for supplying an Increased 

understanding of the many empirical relationships derived from model field experi­

ments. Computer calculations of explosion and impact cratering offer another 

promising avenue for investigation and additional comprehension. With this 

Increased understanding we may expect to apply crater scaling rules with greater 

accuracy and confidence to the high energy regimes of interest which are beyond 

our ability to test. 
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f ABLE I 

IMPACT AND EXPLOSION EXPERIMENTS WITH SIMILITUDE CONDITIONS 
REQUIRED BY GRAVITY SOALTOG 

a v g/g 
EXP. (ran) ( W s ) 

m E 
(M/S) 

Cs/gJ^E 
CM! 

a g / g e 
r 

(ram) £ " r 

IMPACT EXPERIMENTS (1) 

A 1.590 6.61* o .51 1*7-1 1.038 22.0 0.138 0.811 90.5 3.05 x 10~ 3 o.nk 
B 0.795 6.60 1.00 5.9 0.128 21.8 0.128 0.795 U2.5 3.01+ x l o " 5 0.163 

EXPLOSION EXPERIMENTS (2) 

11-X 5.65 - 1*51 13H0 7.18 5-3^ 6.59 x 10 25W 1*3.8 3.25 x i o " 2 0.252 

11-0 5.65 - 1*51 13>*0 7 .18 5.31* 6.59 x 1 0 8 25l»8 1*3.1 3.25 x 1 0 " 2 0.21*8 
13-0 8.26 - 306 1*080 22.7 5.56 6.50 x 10 2528 68.8 3.21+ x 10~ 2 0.269 

(1) Data of Gault and Wedekind (1977) 
(2) Data of Schmidt and Holsapple (1978) 
* g = 3.8 m/s 2 

o 
t Quartz sand density = 1650 Ssg/nr for impact experiments 

and I780 kg/m3 for explosion experiments. 



TABLE II 

IMPACT AHD EXPLOSION EXPERIMENTS WITH SIHT 
REQUIRED BY CUBE-ROOT SCALING S = g 

tJTUDE CON ÎTIOHS 
* 9-8 m/s^ 

EXP. 
a 

(ram) 
V 

(ton/s) 
m 

(mg) 
E 

(M) (J/g) 
r 

(trim) 
* / E l / 3 l / 3 * (•m)/CkJ)l,i (inm)/(kJ) ' L / : S 

IMPACT EXPEHIMEHTr (1) 
C 0.795 l.k 5.9 5.77 x 10~ 3 O.980 30 k.k3 167.26 

D 0.795 l.k 5.9 5.77 x 1 0 " 3 O.980 27.5 i*.i*3 153.32 
E 1.590 l.k 1*7.1 4.62 x 1 0 " 2 O.980 1*8 kM 133.81 
P 3-175 l.k 375 3.68 x 1 0 _ 1 O.980 85 11.1*3 118.67 

H 0.795 6.6 5.9 0.128 21.78 1*2.5 1.58 81*. 26 

I 1.590 6.6 1+7.1 1.026 21.78 80 1.58 79.32 
J 3.175 6.6 375 8.168 21.78 1>*7.5 1.58 73.21* 

EXPLOSION EXPERIMENTS (Z) 

61*2 5.65 - 1340 7.18 5.36 118 2.9 1* 61.17 
61*1* 5.65 - 13>n 7.18 5.36 120 2.91* 62.20 

643 8.26 - 1*080 22 .7 5.56 163 2.92 57.57 
61*5 8.26 - 1*080 22.7 5.56 161* 2.92 57.92 

(1) Data (Fig. k) of Gault ana Wedekind (1977). 
(2) Data of Schmidt and Holsapple (1978), d = o. 
* Target sound speed, C, unknown; in a medium with constant properties a/E1/3 and r/E1/3 represent 

of the dimensionless A"-terms, If = a(pC2/E)1/'3 and rtc = r(pCZ/E)X^. 



TABLE III 

SCALING EXPONENT Oil EFFECTIVE ENERGY RELEASE FOR SCALING CP/TEH 
RADIUS FROM IMPACT ADD EXPLOSION EXPERIMENTS. RESULTS OF LEAST SQJAKES FITS. 

EXP. 
TTPE 

SIMILITUDE 
CONDITIONS 

NO. OP 
EXPERIMENTS 

SCALING 
EXPONENT 

STANDARD 
DEVIATION 

Impact 

Explosion 

Gravi ty 

Gravi ty 

2 

3 

0.271+ 

0.299 0.OO9 

Impact 

Impact 

Explosion 

Cube-Root 

Cube-Root 

Cube-Root 

k 

3 

1* 

0.260 

0.300 

0.276 

O.OlU 

0.002 

0.008 



d i 
g 

EXPLOSION CRATER 

- H i l h - E = 1/2 mV2 
q = 1/2 V2 

tv 
-2r— 

g 

Y 
Q 

c 

IMPACT CRATER 



20 

15 

E 
E 

</>10 

Q 
< 
01 
QC 
LU 

< 
OH 

o 

i—i—r 

^ y 

-0 25 RADIUS ex g u " 
(GRAVITY SCALING) 

RADIUS o c g " 0 1 6 5 

(GAULT AND WEDEKIND DATA) 

a 
V 
E 

1.59 mm 
6.64 km/s 
1.04 kJ 

J L 

0.06 0.08 0.1 0.2 0.4 0.6 0.8 1.0 
FRAME ACCELERATION - g/g e 



20 h 

CRATERS IN QUARTZ SAND 
1 r - T ~ i i r 

GRAVITY SCALED EXPERIMENTS 
ag = 8 (mm)(mls2) 
ag = 25000 (mm)(m/s2) 

o IMPACT 
O EXPLOSION 

CUBE-ROOT SCALED EXPERIMENTS 
(g = 9.8 m/s2) 

I : IMPACT a/El'3 - 4.43 (mm)(kJ)l'3 
A IMPACT a'El'3 1.58 (mm)i(kj)l'3 
• '• EXPLOSION a/El'3 - 2 93 (mm)'(kJ)l'3 

10 
6 8 

10 1 

.1 I 1 1_ 
4 6 8 _ 

102 

. .L.1.4 
6 8 

10 2 
4 6 8 

10" 
EFFECTIVE ENERGY RELEASE g e E/g (J) 



11 

SIMILITUDE CONSTRAINT 
ag = 8 (mm) (m/s2) 

1 2 3 4 5 6 7 8 9 10 
FRAME ACCELERATION - g (m/s2) 


